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Considering the wide range of plasma jet applications including plasma cutting, 
plasma spraying, and plasma arc waste disposal, realistic simulation of a plasma jet 
would significantly help to better understand and improve various processes. In this 
research, firstly a three-dimensional DC plasma torch is modeled using Joule effect 
method to simulate the plasma jet and its voltage fluctuations. The plasma gas is a 
mixture of argon/hydrogen and the arc voltage fluctuation is used as an input data in the 
model. Physical and chemical properties of plasma gases are used to model the plasma jet 
having high temperature and velocity. Reynolds Stress Model is used for time dependent 
simulation of the mixing flow of the plasma gas with atmosphere. After modeling the 
plasma jet, the results are applied to investigate the plasma oscillation effects on the 
trajectory, temperature, and velocity of suspension droplets. Suspensions are formed of 
ethanol and Yttria Stabilized Zirconia (YSZ, 8 wt.%) sub-micron particles and modeled 
as multicomponent droplets. To track the droplets and particles trajectory, a two-way 
coupled Eulerian-Lagrangian method is employed. In addition, in order to simulate the 
droplet breakup, Kelvin-Helmholtz Rayleigh-Taylor (KHRT) breakup model is used. 
After the completion of suspension breakup and evaporation, the spray particles are 
tracked through the domain to obtain the in-flight particle characteristics. 
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1 Introduction and Background 
Overview 
In this chapter, a summarized introduction of the thermal spray technology and 
the suspension plasma spraying technique will be given. In addition, the current 


















1.1 Thermal Spray Coating Technology 
For many years, the thermal spray coating technology has been increasingly used in many 
fields such as aerospace, automotive, chemistry, etc. Producing more resistant surfaces against 
corrosion, applying higher temperature exposure in the thermal barrier coatings or extending the 
lifetime of surface properties by recreating the worn parts instead of replacing the whole 
component are few examples of enhancing the functional performance of the structural parts in 
different applications [1]. In thermal spraying, metallic or non-metallic materials are injected into 
a high temperature and high speed jet to obtain molten or semi-molten condition to form 
protecting coatings [2]. 
Based on the methods applied to provide the required energy to melt the sprayed materials, 
thermal spray is divided by combustion, electrical discharge, or high-pressure gases in the case 
of cold spraying [1]. Among different types of thermal spray processes, plasma spraying is 
mostly used. The plasma working gases injected into the torch are heated by the arc struck 
between the cylindrical copper anode and the tungsten cathode producing a high velocity and 
high temperature plasma jet. The plasma working gas could be a single gas (e.g. Ar) or a mixture 
of a primary gas (Ar or N2) and a secondary gas (H2, He) to improve heat and momentum 
transfer to the spray particles (Ar-H2, Ar-He, Ar-He-H2, etc.) [1]. Figure 1.1 shows different 
parts of a plasma spray process which are the cathode region, the arc column region, and the 
anode region. Based on the torch operating condition, the plasma jet velocity and temperature at 
the gun exit could reach 2000 m/s and 14000 K, respectively [3]. The material to be deposited is 
normally injected at the exit of the plasma torch in the form of powders whose size ranges 
typically between 10 to 80 µm. The injected particles are heated and accelerated towards the 






Figure 1.1- Schematic of a typical plasma spray gun 
 
An important instability in DC plasma spray is the arc voltage fluctuation which is classified 
in three different modes: Steady mode in which the voltage fluctuation is negligible; Takeover 
mode which introduces the arc oscillations as a quasi-periodic motion; and the Restrike mode 
which shows a highly unstable plasma jet motion as a result of large arc voltage fluctuations [4]. 
Figure 1.2 illustrates the arc voltage classification. 
 




In plasma spray applications, it is desirable to achieve stable operating conditions. The 
unmelted particles and the poor coating quality would be the results of oscillations in the plasma 
jet temperature [6]. Because of the significant effects of the arc voltage fluctuations on the 
suspension plasma spraying (SPS) properties, the focus of this study is to model the plasma jet 
inside and outside the torch considering the arc voltage fluctuations. 
1.2 Suspension Plasma Spraying (SPS) 
To have a proper surface coating of sub-micron and nano-sized particles, a relatively new 
deposition process, suspension plasma spraying (SPS), has been increasingly used. In the SPS 
technique, submicron and nano-sized particles are sprayed efficiently to form finely structured 
coatings [7-9]. To have enough momentum for the fine particles to penetrate into the plasma jet, 
a liquid carrier feedstock (e.g. ethanol or water) is necessary. The suspension droplets 
penetration occurs when their momentum density (𝜌𝑙𝑣𝑙
2 ) is higher than that for the gas flow 
(𝜌𝑔𝑣𝑔
2  ). Particles are injected inside or outside the plasma torch in axial or radial types 
considering the plasma jet direction. The type and the location of the particle injection have a 
major effect on the particles properties such as trajectory, temperature, and velocity [10]. 
Based on several studies, liquid fragmentation occurs when the Weber number, the ratio of 
the aerodynamic force to the surface tension force, becomes more than 14 [11]. The ideal result 
is when all particles injected into the plasma flow reach the substrate with a temperature well 
above their melting point and below their vaporization point with high enough velocities to 
actually impact on the substrate surface [12]. Therefore, a critical aspect in the SPS process is to 
well control the suspension droplets trajectories, temperatures, velocities, and their interactions 





Figure 1.3- Phenomena involved in the radial suspension injection 
 
As soon as suspension droplets reach the plasma flow, first the liquid is fragmented into the 
dispersed droplets, then the droplets are vaporized and finally solid particles are melted, 
accelerated toward the substrate and the splats are formed. Compared to the conventional 
spraying, the plasma arc voltage fluctuations have a more significant effect on the particles 
penetration, fragmentation, trajectories, heating, and acceleration in the suspension spraying. 
Thus, modeling the plasma jet with its oscillations is crucial to have more accurate results. 
1.3 Previous Studies 
Considering the high volume of plasma jet applications including plasma cutting, plasma 
spraying, and plasma arc waste disposal, realistic simulation of a plasma jet would significantly 
help to better understand and improve various processes. Due to the nature of the plasma jet and 
its attachment on the anode surface, the arc experiences important fluctuations which results in 
large arc voltage fluctuations that should be considered in the simulations. 
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There are several numerical approaches used in order to simulate the plasma jet. In one 
approach, the plasma jet is considered to be steady, and temperature and velocity profiles are 
used as the input data [13-20]. In another approach, a constant volumetric heat source located 
inside the torch is added to the energy equation to generate the plasma heat. In this approach, the 
plasma jet is still in the steady state [21-22]. 
Based on the fact that the plasma jet formation is naturally an unsteady phenomenon, the 
results obtained from the steady simulations may not be able to capture the unsteady features of 
flow inside and outside the torch. There are two main effective methods used to simulate the 
transient plasma jet as explained below. 
The first approach is based on coupling the fluid mechanics and electromagnetic equations to 
model the plasma jet [23-26]. Moreau et al. [26] used a three-dimensional transient model with 
the nozzle diameter of 7 mm to simulate the oscillating plasma jet. The plasma working gases 
was 𝐴𝑟 − 𝐻2 and the voltage fluctuation was in the restrike mode due to the torch operating 
condition. To simulate the anode root attachment inside the torch, the electromagnetic equations 
in addition to the mass, momentum, and energy equations were applied. The effect of changing 
the arc current was investigated in this study and the results showed a higher maximum velocity 
at the nozzle exit due to increase in the arc current. A higher voltage fluctuation frequency was 
also predicted with the arc current increasing. 
The second approach, which is used in the current study, is modeling the plasma jet based on 
the Joule effect method [27]. Meillot et al. [27] simulated a three-dimensional D.C plasma gun 
by introducing a time-dependent volumetric heat source inside the plasma torch. The validation 
criterion was the thermal efficiency through adjusting the length of the plasma column inside the 
7 
 
torch and the results of the centerline plasma jet properties especially near the gun exit were in 
agreement with the experiments. 
Generating a coating with a good quality requires a detailed understanding of the plasma jet 
and its interaction with the injected particles. Arc voltage fluctuations, particle mass flow rate, 
injector angle and particle size distribution are some of the effective parameters in plasma 
spraying process. Arc voltage fluctuations cause a poor control on the heat and momentum 
transfer between the oscillating plasma jet and the injected particles. Using different types of 
plasma gases such as 𝐴𝑟 − 𝐻2 and the anode erosion has significant effects on the arc 
oscillations. 
Duan [28] investigated the effect of the anode erosion on the oscillating plasma jet by using a 
SG-100 plasma torch with the arc current of 500 A and the mixture of argon/helium as the 
plasma forming gases with a swirl injector. Under such operating conditions, the takeover mode 
was dominant. The results illustrated that the mean arc voltage decreases with the increasing 
anode erosion, while the plasma jet instability increases. 
Since the plasma flow inside and outside the plasma gun is a turbulent flow, it is necessary to 
find and apply the proper turbulent model which gives more accurate results specially in the case 
of having injected suspension. In most studies, an Eulerian-Lagrangian approach is used to 
simulate the suspension droplets interaction with the plasma flow. The details of the mentioned 
approach and the turbulence models will be discussed in the next chapter. 
Remesh et al. [29] investigated the effects of changing the carrier gas flow rate on the 
particles characteristics. In their study, a three-dimensional modeling was used to simulate an 
𝐴𝑟 − 𝐻2 plasma gas with yttria-stabilized zirconia (YSZ) as the sprayed particles. It was found 
that by increasing the carrier gas flow rate from 2 to 4 slm, the average value of particles 
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temperature and velocity are increased by 10% and 16%, respectively. It was also shown that 
when the carrier gas flow rate increases to 6 slm, particles temperature do not change, while 
particles velocity decrease by 20%. 
Shan et al. [30] used Re-Normalization Group (𝑅𝑁𝐺) 𝑘 − 𝜀 turbulent model in a 3D plasma 
spray modeling to simulate the plasma jet. To model the droplet breakup and collision, Taylor 
Analogy Breakup (TAB) and O’Rourke’s models were used, respectively. In their study, the 
effects of droplet collision and breakup on the particle characteristics were investigated. The 
results showed that the droplet collision causes an increase in the average size of the particles 
while the droplet breakup plays an important role in the reduction of the average droplet size. 
Vincent et al. [31] used a numerical simulation of the interaction between the plasma flow and 
injected water jet using LES turbulent model and volume of fluid (VOF) method to simulate the 
plasma flow and primary breakup (fragmentation) of the droplet, respectively. The validation 
was done successfully in an argon plasma flow and a good agreement compared to the 
experiments was obtained in the mean temperature and velocity profiles. 
The main trend is to use suspension plasma spraying which is an emerging process to create 
submicron- and nanostructured coatings with enhanced properties. Jabbari et al. [13] modeled the 
suspension plasma spraying using nickel powder and ethanol as the solvent. Suspension droplets 
were injected radially into a 3MB Sulzer plasma gun and simulated as the multicomponent 
droplets. The arc fluctuations were neglected and the plasma gas was argon. RSM model was 
utilized to simulate the plasma gas and its interaction with the sprayed particles. However, the 
authors also applied k-ε model in the free plasma jet to compare the results with the results of 
RSM turbulent model. It was shown that the k-ε model gives underestimated values for the high 
temperature plasma core. To model the particle secondary breakup, KHRT breakup model which 
9 
 
gives reasonable results in the case of high Weber number was used. It was concluded that by 
increasing the suspension injection velocity, the penetration depth increases and when the 
injection velocity is too high, the quantity of the particles with high temperature decreases. 
Jadidi et al. [14] analyzed the effect of using a flat substrate with the same conditions and 
assumptions used in [13] in SPS process. The effect of the standoff distance on particles 
properties upon impact in the vicinity of the substrate was investigated. It was shown that many 
fine particles were diverted due to the stagnation region formed near the substrate. It was also 
concluded that particles moving near the plasma gas centerline obtain higher velocity and higher 
temperature and are less affected by the stagnation region. 
Recently the effect of curved substrates on the suspension droplet characteristics especially 
near the substrate was investigated by Pourang et al. [21]. The authors applied the assumptions 
used in [13]. However, in order to improve the simulation of the high velocity and the high 
temperature plasma gas, a constant volumetric energy source (
𝜂𝑡𝐸𝐼
𝑉
) was introduced inside the 
torch and added to the energy equation. The suspension contained zirconia particles (10 wt.%) 
and ethanol as the solvent and modeled as the multicomponent droplets. The results showed that 
the finer particles obtain higher temperature and velocity compared to other particles. It was also 
found that compared to the use of flat substrate, the deposition rate decreases more than 50 % on 
a cylindrical substrate. 
1.4 Motivation and Objectives 
The principal aim in this study is to obtain a more realistic prediction of plasma jet 
considering arc oscillations, and the interaction between the suspension droplets and the 
fluctuating plasma jet to achieve controllable and repeatable suspension spraying properties. To 
achieve this goal, a three-dimensional numerical model is used to simulate the arc fluctuations. 
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In addition, different suspension feed rates are injected into the plasma gas to investigate the 
effect of the plasma oscillations on the particles properties. The current study objectives are 
listed as: 
1- Modeling the transient plasma jet by using the arc voltage fluctuations. 
2- Simulating the suspension injection and its interaction with the transient plasma flow 
considering the penetration, fragmentation, solvent evaporation and melting of spray 
particles. 





To model the plasma spray coating, an Eulerian- Lagarangian method 
explained in details in this chapter is used. The Eulerian approach is used to model 
the continuous phase (plasma jet) and Lagrangian approach is applied to simulate 


















2.1 Continuous Phase Modeling 
Since the plasma jet is unsteady in nature and its fluctuations have effects on the suspension 
injection properties, the focus of this study is to model the arc fluctuations of a DC plasma jet 
using the assumptions which can capture the nature of this unsteady multiphase flow. 
2.1.1 Governing Equations 
To model all kinds of flows, mass and momentum conservation equations should be solved. 
However, energy and species conservation equations also should be solved in the cases of having 
heat transfer or compressibility and mixing of species, respectively. 
Mass Conservation Equation 
The general form of mass conservation equation or continuity equation, which can be used for 
both incompressible and compressible flows, is written as [32], 
𝜕𝜌
𝜕𝑡
+ ∇. (𝜌𝑣 ) = 𝑆𝑚                                                                                                                     (2-1) 
where 𝑆𝑚 is the source of mass added to the continuous phase from the dispersed second phase 
such as the vaporization of the droplets or any other user-defined sources. 
Momentum Conservation Equation 
Conservation of momentum is employed by [32], 
𝜕
𝜕𝑡
(𝜌𝑣 ) + ∇. (𝜌𝑣 𝑣 ) = −∇𝑝 + ∇. (𝜏̅̅) + 𝜌𝑔 + 𝐹                                                                          (2-2) 
where 𝑝 is the static pressure, 𝜏̅̅ is the stress tensor, 𝜌𝑔  is the gravitational body force, and 𝐹  is 
the external body forces. The stress tensor, 𝜏̅̅, is given by, 
𝜏̅̅ = 𝜇 [(∇𝑣 + ∇𝑣 𝑇) −
2
3
∇. 𝑣 𝐼]                                                                                                    (2-3) 
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where 𝜇 is the molecular viscosity, 𝐼 is the unit tensor, and the second term on the right hand side 
is the effect of volume dilation. 
Energy Equation 
The energy equation is solved using the following equation [32], 
𝜕
𝜕𝑡
(𝜌𝐸) + ∇. (𝑣 (𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑗𝐽𝑗⃗⃗ 𝑗 + (𝜏̿𝑒𝑓𝑓. 𝑣 )) + 𝑆ℎ + 𝑆𝑟𝑎𝑑                     (2-4) 
where, 𝑘𝑒𝑓𝑓 is the effective conductivity and 𝐽𝑗⃗⃗  is the diffusion flux of species 𝑗. The terms on 
the right-hand represent the conduction energy transfer, species energy transfer, and viscous 
dissipation energy transfer, respectively. 𝑆ℎ is the volumetric heat source added to the model, 
and 𝑆𝑟𝑎𝑑 represents the heat losses due to radiation. 𝐸 is calculated as, 






                                                                                                                           (2-5) 
In this research, to account for the arc plasma heating, the volumetric heat source, 𝑆ℎ, from 




                                                                                                                                       (2-6) 
where, 𝐸 is the arc voltage (V), 𝐼 is the arc current (A), and 𝑉 is the volume of the column inside 
anode. Equation (2-6) and its application is explained in details later in this study. 
Equation of State 
The following equation, called equation of state for ideal gas, is used to close the system of 
the above mentioned equations, 




                                                                                                                                        (2-8) 
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where 𝑅 is the specific gas constant for the gas under consideration, 𝑅0 is the universal gas 
constant, and 𝑀 is the average molecular mass (𝑚𝑎𝑠𝑠 𝑚𝑜𝑙𝑒⁄ ). 
Species Transport Equation 
In cases of solving the chemical species’ conservation equations, the local mass fraction of 
each species, 𝑌𝑖, using the solution of a convection-diffusion equation for the 𝑖𝑡ℎ species is 
predicted as [32], 
𝜕
𝜕𝑡
(𝜌𝑌𝑖) + ∇. (𝜌𝑣 𝑌𝑖) = −∇. 𝐽𝑖⃗ + 𝑅𝑖 + 𝑆𝑖                                                                                     (2-9) 
where 𝑅𝑖 is the net rate of production of species 𝑖 by chemical reaction (in this study 𝑅𝑖 = 0) and 
𝑆𝑖 is the rate of creation by addition from the dispersed phase plus any user-defined sources. 
Equation (2-9) is solved for 𝑁 − 1 species where 𝑁 is the total number of fluid phase chemical 
species. 
2.1.2 Turbulence Modeling 
The gas flow in a DC plasma spray torch is turbulent with high temperature and velocity 
gradients. Thus, choosing a turbulent model which is appropriate to simulate the arc fluctuations 
and to predict the plasma core length correctly is very important in this study. The Large Eddy 
Simulation (LES) model is a powerful tool to study turbulent flow structure where large eddies 
are directly solved and small eddies are modeled which are less geometry-dependent [31]. Due to 
the high computational costs associated with LES solvers, RNG k-ε and RSM models have been 
widely used and showed a better prediction of the particle parameters [16] and the plasma core 




The variables of the exact Navier-Stokes equations in Reynolds averaging are calculated from 
the time-averaged and fluctuating components [32], 
∅ = ∅̅ + ∅′                                                                                                                               (2-10) 
where, ∅ denotes a scalar quantity such as pressure, energy, or species concentration. For the 
velocity components, it is written as, 
𝑢𝑖 = ?̅?𝑖 + 𝑢𝑖
′                                                                                                                            (2-11) 
where, ?̅?𝑖 and 𝑢𝑖
′ are the mean and fluctuating velocity components. 
Substituting equation (2-11) into the continuity and momentum equations and taking a time 


































(−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ )                  (2-13) 
where −𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅  , Reynolds stresses, represent the effects of the turbulence. To use the Reynolds-
averaged approach, the Reynolds stresses should be modeled properly. In a common approach, 
the Boussinesq hypothesis is used to model the Reynolds stresses, 












) 𝛿𝑖𝑗                                                                      (2-14) 
where 𝜇𝑡 is the turbulent viscosity and 𝑘 is the turbulence kinetic energy. The advantage of using 
this approach is the lower computational cost due to the turbulent viscosity computation. The 
Boussinesq hypothesis is used in 𝑘 − 𝜀 and the 𝑘 − 𝜔 models to model the Reynolds stresses. 
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Reynolds Stress Model (RSM) 
Reynolds Stress Model (RSM) is an alternative to the Boussinesq hypothesis in which the 
terms of Reynolds stress tensor are solved using the transport equations. The transport equations 
for the Reynolds stresses transport,  𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ , are written as [32], 
𝜕
𝜕𝑡











′̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑝′(𝛿𝑘𝑗𝑢𝑖′ + 𝛿𝑖𝑘𝑢𝑗′)
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                                                (2-15) 




𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅                                                                                                                                  (2-16) 
In order to close the Reynolds-averaged Navier-Stockes equations, an equation for the 




𝛿𝑖𝑗(𝜌𝜀 + 𝑌𝑀)                                                                                                                (2-17) 
where 𝑌𝑀 = 2𝜌𝜀𝑀𝑡




                                                                                                                                 (2-18) 
where 𝑎 is the speed of sound (√𝛾𝑅𝑇). The scalar dissipation rate, 𝜀, is computed using a 
























+ 𝑆𝜀                                         (2-19) 
where 𝜎𝜀 = 1.0, 𝐶𝜀1 = 1.44, and 𝐶𝜀2 = 1.92. The turbulent viscosity, 𝜇𝑡, in RSM is obtained 






                                                                                                                              (2-20) 
where 𝐶𝜇 = 0.09. 
2.1.3 Near-Wall Treatments 
In turbulent flow cases, the flow is significantly affected by the existing walls with the no-slip 
boundary condition. Very close to the wall, flow is laminar and by going far from the wall, it 
changes to turbulent flows. Therefore, the near-wall modeling in the numerical solutions of 
turbulent flows is very important. 
Numerous experiments have been done to find the applicable results to model the turbulent 
flows near the walls. One of the applicable results extracted from a wide variety of boundary 
layers in turbulent flow cases is plotted in semi-log coordinates in Figure (2.1). Based on this 
plot with dimensionless velocity data, flow in the innermost layer, “viscous sublayer”, is almost 
laminar. In viscous sublayer, the most dominant parameter in momentum and heat or mass 
transfer equations is the molecular viscosity. Between the viscous sublayer (𝑦+ ≈ 5) and the 
outer layer which is fully turbulent layer, both molecular and turbulence viscosities have effect 





Figure 2.1- Subdivisions of the near-wall region (Log-law region of velocity and wall shear stress data) [32] 
 
Generally there are two approaches to model the near-wall region. In one approach, called 
“wall functions”, the viscosity affects the viscous sublayer and the buffer layer is not resolved. In 
this approach, semi-empirical formulas are used to connect the viscosity between the wall and 
the fully-turbulent region. 
In the other approach, called “near-wall model”, the turbulence models are modified to 
resolve the viscosity in the inner layer (viscous sublayer and buffer layer). In this method, 𝑦+ ≈
1 and finer mesh near the wall is required to resolve the viscous sublayer. Figure 2.2 shows the 
concept of the two mentioned methods. 
 




Since near-wall model is usually applied in low-Re flows or flows with complex near-wall 
phenomena, and also to be able to use coarser mesh near the wall region, the wall function 
approach is used in the current study. 
Wall Functions 





𝑙𝑛(𝐸𝑦∗)          𝑦∗ > 11.225
𝑈∗ = 𝑦∗                         𝑦∗ < 11.225
                                                                                       (2-21) 
where 𝑘 is von Karman constant (0.4187), 𝐸 is empirical constant (9.793), 𝑈∗ is the 
dimensionless velocity, and 𝑦∗ is the dimensionless distance from the wall. 𝑈∗ and 𝑦∗ are 















                                                                                                                       (2-23) 
where, 𝑈𝑝 is the mean velocity of the fluid at the near-wall node P, 𝑘𝑝 is the turbulence kinetic 
energy at the near-wall node P, 𝑦𝑝 is the distance from point P to the wall, and 𝜇 is the dynamic 
viscosity of the fluid. 
Reynolds’s analogy between the momentum and energy transport gives a similar logarithmic 
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2 + (𝑃𝑟 − 𝑃𝑟𝑡)𝑈𝐶
2}            𝑦∗ > 𝑦𝑇
∗                         
     (2-24) 
where 𝑃 is computed as, 
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− 1] [1 + 0.28𝑒−0.007𝑃𝑟 𝑃𝑟𝑡⁄ ]                                                                    (2-25) 
where 𝑘𝑃 is the turbulent kinetic energy at the first near-wall node 𝑃, 𝜌 is the fluid density, 𝑐𝑝 is 
the specific heat of fluid, ?̇? is the wall heat flux, 𝑇𝑃 is the temperature at the first near-wall node 
𝑃, 𝑇𝑤 is the temperature at the wall, 𝑃𝑟 is the molecular Prandtl number, 𝑃𝑟𝑡 is the turbulent 
Prandtl number (0.85 at the wall), and 𝑈𝐶  is the mean velocity magnitude at 𝑦
∗ = 𝑦𝑇
∗ . 
2.1.4 Numerical Schemes 
In the pressure-based approach, the pressure field is calculated from solving a pressure 
correction equation obtained from continuity and momentum equations. This approach uses a 
control-volume-based technique by dividing the domain into discrete control volumes using a 
computational grid to solve the governing equations for mass, momentum, energy, and other 
scalars [32]. 
In the pressure-based method, a solution algorithm called pressure-based segregated in which 
the governing equations are solved segregated from one another is used. This method is memory-
efficient due to storing the discretized equations in the memory one at a time. Figure 2.3 shows 
the pressure-based segregated algorithm [32]. In this study, the pressure-based approach with a 




Figure 2.3- Solution algorithm of the pressure-based segregated Method [32] 
 
2.2 Dispersed Phase Modeling 
After modeling the plasma jet, the converged results are used to investigate the plasma 
oscillation effects on the trajectory, temperature, and velocity of the injected suspension droplets. 
Suspension droplets are formed of ethanol and Yttria Stabilized Zirconia (YSZ, 8 wt.%) sub-
micron particles and modeled as multicomponent droplets. Figure 2.4 shows the real suspension 
droplet progress and the multicomponent droplets used in this model [13]. Suspension droplets 
start to break up and then evaporate as soon as they interact with the continuous phase (plasma 





Figure 2.4- Realistic mechanism of suspension droplet progress compared to the multicomponent theory [13] 
 
The specific heat of the zirconia particles during melting is calculated as [21], 
𝐶𝑝 × ∆𝑇 = 𝐻𝑓                                                                                                                           (2-26) 
where 
pC  is the particle specific heat, and fH  is the particle fusion enthalpy. Figure 2.5 shows 
the applied method in which ∆𝑇 is assumed to be 10 𝐾. 
 
Figure 2.5- Temperature based of zirconia particles specific heat [21] 
 
To predict the particle dispersion due to the fluid phase turbulence, a model called the 
stochastic tracking model is used. This model which is a random walk model is applied by 
including the instantaneous turbulent velocity fluctuations on the particle trajectories. 
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2.2.1 Particle Trajectory Equations 




= 𝐹𝐷(?⃗? − ?⃗? 𝑝) +
?⃗? (𝜌𝑝−𝜌)
𝜌𝑝
+ 𝐹                                                                                             (2-27) 




 is the gravitational force, 𝐹  is an additional acceleration (force/unit particle 
mass) term which in this study is zero, and 𝐹𝐷(?⃗? − ?⃗? 𝑝) is the drag force per unit particle mass 







                                                                                                                        (2-28) 
where 𝜇 is the dynamic viscosity of fluid, 𝑑𝑝 is the particle diameter, and Re is the relative 




                                                                                                                       (2-29) 
The drag coefficient (𝐶𝐷) is obtained from the following equation, 






                                                                                                                  (2-30) 
where 𝑎1, 𝑎2, and 𝑎3 are constants which apply to spherical smooth particles for a wide range of 
Re given by Morsi and Alexander [33]. 
2.2.2 Particle Heat and Mass Transfer 
A multicomponent model is employed as suspension droplets assumed to be a mixture of two 





= ℎ𝐴𝑝(𝑇∞ − 𝑇𝑝) + ∑
𝑑𝑚𝑖
𝑑𝑡
(ℎ𝑣𝑎𝑝,𝑖)𝑖                                                                           (2-33) 
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where, 𝑚𝑝 is the particle mass, 𝑐𝑝 is the particle specific heat, 𝐴𝑝 is the particle surface area, 𝑇𝑝 
is the particle temperature, 𝑇∞ is the continuous phase (plasma jet in this study) temperature, 
ℎ𝑣𝑎𝑝,𝑖 is the latent heat of component 𝑖, and ℎ is the convective heat transfer coefficient which is 









𝑃𝑟1/3)                                                                       (2-34) 
where 𝑑𝑝 is the particle diameter (m), 𝑘∞ is the thermal conductivity of the continuous phase 
(W/m-K), 𝑅𝑒𝑑 is the Reynolds number, 𝑃𝑟 is the Prandtl number of the continuous phase 




                                                                                                                         (2-35) 
where, 𝑌𝑖,𝑆 is the vapor mass fraction at the surface and 𝑌𝑖,∞ is the vapor mass fraction in the bulk 
gas. 




= 𝐴𝑝𝑘𝑐,𝑖𝜌∞𝑙𝑛(1 + 𝐵𝑚,𝑖)                                                                                                   (2-36) 
where 𝜌∞ is the gas density (𝑘𝑔 𝑚
3⁄ ) and 𝑘𝑐,𝑖 is the mass transfer coefficient of component 𝑖 




= 2.0 + 0.6𝑅𝑒𝑑
1/2
𝑆𝑐1/3                                                                                     (2-37) 
where 𝐷𝑖,𝑚 is the diffusion coefficient of vapor in bulk (𝑚
2 𝑠⁄ ) and 𝑆𝑐 is the Schmidt number 
(𝜇 𝜌𝐷𝑖,𝑚⁄ ). 
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2.2.3 Breakup Model Theory 
When the suspension droplets are injected into the plasma jet, due to the interacting with the 
core of the plasma plume, the droplets start to break up. At the time that the suspension viscosity 





                                                                                                                               (2-38) 
where, 𝜌 is the flow field density, 𝑉 is the initial relative velocity between the flow field and the 
droplets, 𝐷 is the initial diameter of the droplet, and 𝜎 is the droplet surface tension. 
One of the classifications based on the Weber number done by Pilch and Erdman [36] is 
shown in Figure 2.6. Based on this classification, when the Weber number is less than 12, 
breakup does not occur and there is only some droplet deformation. 
12 ≤ 𝑊𝑒 ≤ 100       →    Bag Breakup 
100 ≤ 𝑊𝑒 ≤ 350     →    Stripping Breakup 
350 ≤ 𝑊𝑒                 →    Catastrophic Breakup 
Considering the above classification, the breakup regime of suspension droplets in the SPS 
process is recognized as catastrophic breakup. For high Weber number conditions, the Kelvin-




Figure 2.6- Breakup regimes based on Weber number [37] 
 
The KHRT breakup model combines the Kelvin-Helmholtz waves obtained from the 
aerodynamic forces with the Rayleigh-Taylor wave instabilities on the droplet surface. To model 
the liquid core near the nozzle region, a theory given by Levich is used to calculate the liquid 




                                                                                                                            (2-39) 
where 𝐶𝐿 is the Levich constant and 𝑑0 is a reference nozzle diameter. Figure 2.7 shows the 
length of the liquid core. Inside the liquid core region, only aerodynamic breakup is considered 
(Kelvin-Helmholtz wave growth) and the child droplets are shed from this core. When the 
droplets are ejected to the free stream, the Rayleigh-Taylor instability becomes dominant. 
Therefore, inside the liquid core region, the Wave model is used to compute the breakup while 




Figure 2.7- Liquid core length approximation [32] 
 
Wave Breakup Model 
In Wave model, the breakup time and the resulting droplet size are computed from the 
Kelvin-Helmholtz instability derived from the jet stability analysis. To determine the dispersion 
relation, the linearized equations for the liquid hydrodynamics are solved considering the wave 
solutions [32], 
∅1 = 𝐶1𝐼0(𝑘𝑟)𝑒
𝑖𝑘𝑧+𝜔𝑡                                                                                                              (2-40) 
𝜓1 = 𝐶2𝐼1(𝐿𝑟)𝑒
𝑖𝑘𝑧+𝜔𝑡                                                                                                              (2-41) 
where ∅1 is the velocity potential, 𝜓1 is the stream function, 𝐶1 and 𝐶2 are the integration 
constants, 𝐼0 and 𝐼1 are the modified Bessel functions of the first kind, 𝐿
2 = 𝑘2 + 𝜔 𝜗1⁄ , and 𝜗1 
is the liquid kinetic viscosity. 
In this model, the radius of the newly formed droplet is calculated corresponding to the 
wavelength of the fastest-growing unstable surface wave on the parent droplet, 
𝑟 = 𝐵0Λ                                                                                                                                    (2-42) 






,       𝑟 ≤ 𝑎                                                                                                            (2-43) 
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                                                                                                    (2-46) 
where 𝑂ℎ is the Ohnesorge number (𝑂ℎ =
√𝑊𝑒1
𝑅𝑒1
) and 𝑇𝑎 is the Taylor number (𝑇𝑎 = 𝑂ℎ√𝑊𝑒2). 
𝑊𝑒1 and 𝑊𝑒2 are the liquid and gas Weber number respectively. 
In the Wave breakup model, a new parcel with the radius obtained from equation (2-42) is 
created when the shed mass becomes equal to 5 % of the initial mass. Except for radius and 
velocity, the new parcel’s properties such as temperature, material, and position are the same as 
the parent parcel’s. 
Rayleigh-Taylor Breakup 





                                                                                                          (2-47) 
where 𝑔𝑡 is the droplet acceleration in the direction of the droplet travel. The corresponding 




                                                                                                                  (2-48) 




                                                                                                                                 (2-49) 
Breakup happens when the RT waves have been grown in the larger time than the breakup time. 
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Until the predicted wave length (2𝜋𝐶𝑅𝑇/K𝑅𝑇) is smaller than the local droplet diameter, the 




                                                                                                                                  (2-50) 
2.3 Geometry and Computational Domain 
The 3MB Metco gun with the total length of 32.15 mm and diameter of 5.5 mm in the straight 
part of the gun is used in this study (Figure 2.8). The length of the gun in the straight part is 22.5 
mm. The cathode and the inlet with an angle of 45° which causes swirling flow in the plasma jet 
are considered in the simulation. Geometry and computational domain of the study employed in 
the simulations are shown in Figure 2.9. The inlet diameter is 3.6 mm. The outlet domain is an 
incomplete cone with initial and final diameters of 60 and 100 mm, respectively, and a length of 
140 mm (see Figure 2.10). 
 




Figure 2.9- Geometry of domain of study and direction of inlet flow 
 
The computational domain contains about 800,000 cells which are the mixed of tetrahedral 
and hexahedral volume meshes. The cell sizes are locally refined in the plasma core area inside 
and outside the gun to capture the large plasma temperature and velocity gradients. Figures 2.10 





Figure 2.10- Computational mesh of the domain of study 
 
 
Figure 2.11- Finer mesh inside the plasma gun 
 
The following assumptions are considered in this study: 
- The flow is time-dependent. 
- Physical and chemical properties of plasma gases (mixture of argon and hydrogen) which are 
temperature-dependent are added to the model. 





2.4 Operating and Boundary Conditions 
The plasma torch operating condition is shown in Table 2.1. 
 
Table 2.1- Operating condition for plasma spraying simulation 
Operating Condition Magnitude 
Current Input (A) 
Average Voltage (V) 
Thermal Efficiency (%) 






Mass flow rate with turbulent intensity and hydraulic diameter as the turbulence model are 
used for the inlet boundary. The turbulence intensity is calculated from Eq. (2-51) [39], 
𝑇𝑖 = 0.16(𝑅𝑒𝐻𝐷)
−0.125                                                                                                            (2-51) 
where, 𝑅𝑒𝐻𝐷 is the Reynolds number calculated for the gas flowing through the respective inlet  
on the basis of the hydraulic diameter as the characteristic length. 
The anode temperature is fixed at 300 K due to using the water cooling technique around it. 
For the outlet boundaries, pressure outlet condition is used. Radiation loss introduced by using a 





Figure 2.12- Radiation losses versus temperature for argon/hydrogen mixture [27] 
 
Figure 2.13(a) illustrates the typical arc voltage fluctuations recorded on the plasma torch 
during spraying. In this study, a Fourier series is used to create a periodic function (Figure 
2.13(b)) with similar characteristics, 
𝐸(𝑡) = 𝑎0 + ∑ 𝑎𝑛𝑐𝑜𝑠(𝑛𝜔𝑡)
8
𝑛=1 + ∑ 𝑏𝑚𝑠𝑖𝑛(𝑚𝜔𝑡)
8
𝑚=1                                                           (2-52) 
where, 𝐸(𝑡) is the arc voltage, 𝑎0 is the average voltage, 𝑎1, . . . , 𝑎𝑛  , 𝑏1, . . . , 𝑏𝑛 , and 𝜔 are the 
function coefficients (Table 2.2). Arc voltage oscillates between 42 and 63 V with a fundamental 




Figure 2.13- Arc voltage fluctuations- 𝐴𝑟_𝐻2-(a) typical, (b) modeled with Fourier series 
 
Table 2.2- Coefficients of modeled voltage fluctuations function 
 
 
Plasma Heat Generation 
In the current research, in order to model the plasma jet, at first in the steady state, Joule effect 
is taken into account on the cone volume (𝑉1) and the cylinder heating zone inside the torch (𝑉2) 
to find the mean value of the length (𝐿𝑚) corresponding to the mean power (Figure 2.14). In this 
case, arc voltage oscillations which cause axial fluctuations are not considered in the simulation. 
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However, there are still azimuthal fluctuations due to the plasma swirling flow. Therefore, the 
steady case has been renamed to the quasi-steady case. 
 
Figure 2.14- Plasma torch with the heating zones 𝑉1 and 𝑉2 (quasi-steady) 
 
The obtained results from the quasi-steady case are validated by comparing the thermal 
efficiency from equation (2-53) [27] and the experimental thermal efficiency, 
𝜂 = 1 − (
𝐻𝑐𝑜𝑛𝑣+𝐻𝑟𝑎𝑑
𝑃𝑚
)                                                                                                               (2-53) 
where, 𝐻𝑐𝑜𝑛𝑣 and 𝐻𝑟𝑎𝑑 are the convection losses and the radiation losses inside the torch 
respectively. 𝐻𝑐𝑜𝑛𝑣 is obtained from the numerical results and 𝐻𝑟𝑎𝑑 is calculated from Fig. 2.12. 
After several try-and-error calculations, the average length value is obtained as a length of 16 
mm from the cathode tip. 
The quasi-steady case results are used to model the unsteady plasma jet. In unsteady state, the 
voltage fluctuation is used as input data (Fig. 2.13) and 𝐿2(𝑡) is a function of voltage fluctuations 
(Figure 2.15), 
𝐿2(𝑡) = 𝑎𝐸(𝑡) + 𝑏                                                                                                                  (2-54) 
where 𝑎 and 𝑏 are the constants obtained from 𝐿min and 𝐿max corresponding to 𝐸min and 𝐸max 
respectively. 𝐸(𝑡) is the arc voltage fluctuation derived from Fig 2.13. 
To generate the plasma heat and voltage fluctuations, volumetric heat sources are introduced 




Figure 2.15- Plasma torch with the heating zones 𝑉1 and 𝑉2(𝑡) 
 
As shown in Figure 2.15, the volume 1 (𝑉1) and 𝐿1 = 3 mm are always constant due to the 
connecting with the torch geometry. However, the volume 2 (𝑉2) and 𝐿2 are time-dependent as 
















                                                           (2-55) 
𝑃 = 𝐸𝐼                                                                                                                                      (2-56) 
where 𝐿𝑚 is the average length corresponding to the mean power (𝑃𝑚), 𝑃1 and 𝑆h1 are the power 
and the volumetric heat source of 𝑉1 respectively, 𝑃2 and 𝑆h2 are the power and the volumetric 
heat source of 𝑉2 respectively. 
SPS Modeling 
In this study, suspension injection in the form of a continuous jet is substituted with a chain of 
fragmented droplets with a uniform size of 150 μm equal to the injector diameter and velocity of 
24.4 m/s are injected radially with a reverse angle of 𝜃 = 15o with respect to the normal plane to 
the plasma jet (Figure 2.16). Droplets are injected every 1 µs with the suspension mass flow rate 





Figure 2.16- Schematic of injected droplets into the plasma jet 
 
Table 2.3- Material thermos-physical properties [21], [39] 
Property Ethanol Zirconia 
 Density (kg/m3) 
 Viscosity (kg m. s⁄ ) 
 Melting Latent Heat (J kg⁄ ) 
 Boiling Latent Heat (J kg⁄ ) 
 Melting Point (K) 
 Boiling Point (K) 










7.06 × 105  








3 Results and Discussion 
Overview 
In this chapter, the numerical results for the effect of the continuous phase 
considering the arc voltage fluctuations and azimuthal fluctuations on the disperse 
phase will be presented. In addition, effects of changing operation parameters like 
suspension feed rate and different distances from the gun exit will be discussed. 
Furthermore, to see the rate of azimuthal and axial fluctuations effects on SPS 
properties, a case with only the azimuthal fluctuations is created and compared to 













3.1 Continuous Phase 
In order to simulate SPS process, the first step is to model the plasma jet. In the current study, 
plasma heat generation is modeled by introducing energy sources inside the plasma torch and the 
only validation criterion is the thermal efficiency parameter which is adjusted by the plasma 
column length inside the torch. The results of the quasi-steady and transient configurations are 
shown and explained in the following sections. 
3.1.1 Quasi- Steady Plasma Flow 
In the steady state, the mean heating zone length (𝐿𝑚) is adjusted according to the mean 
power and thermal efficiency parameter. In this case which is called quasi-steady state, the 
plasma jet oscillations are limited to the azimuthal fluctuations due to the plasma gas swirling 
flow. Considering the thermal efficiency value (58%) acquired from experiments and the value 
of mean power (30.6 kW), 𝐿2 and 𝐿𝑚 are obtained as 13 and 16 mm, respectively. The resulting 
plasma gas temperature and velocity fields are illustrated in Figures 3.1(a) and 3.1(b), 













Figure 3.1- Plasma gas- (a) temperature and (b) velocity contours 
 
3.1.2 Mesh Sensitivity Analysis 
One of the key factors in the numerical modeling is the grid size sensitivity analysis. In the 
current study, this test is applied on the continuous phase in quasi-steady state. A coarse grid size 
with a total of 723297 elements and a fine grid size with a total number of 1639834 elements, 
which is more than two times the number of elements than with the coarse mesh, are chosen. 
Figure 3.2 shows the results of the gas temperature and velocity with two different mesh sizes. 
As shown in Figure 3.2, there is no significant difference in the results obtained from the two 
mesh sizes. The largest difference is less than 4%. Therefore, in order to reduce the 








Figure 3.2- Effect of the grid size on plasma gas- (a) temperature and (b) velocity 
 
3.1.3 Transient Plasma Flow 
The focus of this study is to investigate the effect of plasma jet oscillations on the in-flight 
particle properties. Considering the voltage fluctuations, the power varies between 25.2 and 37.8 
kW. Using the mean value calculated in the quasi-steady case and the power variation in the 
transient case, 𝐿𝑚𝑖𝑛 and 𝐿𝑚𝑎𝑥 which are the minimum and maximum length from the cathode tip 
are obtained as 13.1 and 19.7 mm, respectively. To capture the voltage fluctuations with a period 















































order to save the hard disk space, the writing time step for storing data is 32 times of the plasma 
gas flow time step, or in other word, it is equal to 1.33 × 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑. Figure 
3.3(a) shows the saved data and Figure 3.3(b) illustrates the voltage fluctuations used in this 
study and six points which show the saved data from Figure 3.3(a). 
 
 
Figure 3.3- (a) Arc voltage of the saved data and (b) Used arc voltage fluctuations 
 
In order to see the transient configuration results, the plasma gas temperature and velocity 





and 3.5, respectively. To see the length of the plasma jet at these moments, an isosurface 











Figure 3.5- Plasma gas velocity with a current input of 600A and arc voltage of (a) 62, (b) 50 and (c) 42 V 
 
Azimuthal fluctuations due to the plasma gas swirling having a counterclockwise rotation can 









contours respectively in four different moments. The plane shown in Figures 3.6 and 3.7 is 


















𝑡𝑟𝑒𝑓 + 3∆𝑡 
 
 








Figure 3.7- Gas plasma velocity contours at a stand-off distance of 6 mm (4 snap shots) 
 
Figure 3.8 shows the total behavior of plasma jet due to both azimuthal and voltage 
fluctuations in three different moments with the isosurface temperature of 11000 K. In this 
figure, the streamlines are colored by plasma gas temperature and show the swirling gas flow and 










𝑡𝑟𝑒𝑓 + 2∆𝑡 
 
 









Figure 3.8- Streamlines colored by plasma gas temperature and isosurface temperature of 11000 K with current 
input of 600 A and arc voltages of (a) 62, (b) 51 and (c) 42 V 
 
3.2 Discrete Phase 
For the verification of the multicomponent heat transfer, a theoretical case with a 25 micron 
droplet situated at the center of the nozzle exit, is created. In order to simplify the model in this 
case, the droplet break up is not considered. Figure 3.9 illustrates how the droplet’s temperature 
evolves as a function of time while the droplet is moving inside the plasma. Figure 3.9 (a) shows 
that the particle temperature increases to nearly 4500 K after ethanol evaporates and then the 
temperature decreases when it moves along the centerline. In Figure 3.9(a), the first plateau 









Figure 3.9- Evolution of the temperature of a 25 𝜇𝑚 particle as a function of time 
 
In the next step, results of the oscillating plasma jet are used to initialize the model in the case 
of suspension injection. Figure 3.10 illustrates the particle temperature distribution after their 
interaction with the oscillating plasma jet. In this figure, an isosurface of temperature equal to 
10400 K in three different moments is introduced to show the plasma jet oscillations. Three 
moments (a), (b) and (c) illustrated in Figure 3.10 have a constant current of 600 A and different 





It can be observed that fine particles located near the plasma torch centerline have gained 
higher temperature compared to the other particles with larger size due to their weak penetration. 
Another important result which can be concluded from Figures 3.10, 3.11 and 3.12 shows that in 
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Figure 3.10- Particle temperature and plasma gas temperature with a current input of 600 A and arc voltages of 















In order to better understand the effects of the arc fluctuations on particle properties, two 
different distances (40 and 60 mm) from the gun exit are investigated. Figure 3.11 shows the 
plasma and particle temperatures in the three moments shown in Figure 3.10 at 40 mm (a1, a2, 
and a3) and 60 mm (b1, b2, and b3) from the gun exit. Figure 3.12 represents the plasma and 
particles velocity in the same moments. 
It can be concluded that the majority of the particles are located in the left side of the cross 
sections shown in Figures 3.11 and 3.12 due to the plasma jet counterclockwise rotation. 
Furthermore, it can be seen that the particle temperature, velocity, and position from the 
centerline are also changed in presence of the plasma jet fluctuations. Moreover, a wide range of 
particle size is observed as the result of the plasma oscillations. Consequently, particles with 
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Figure 3.11- Particle temperature and plasma gas temperature at 40 mm from the gun exit with arc voltages of 
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Figure 3.12- Particle velocity and plasma gas velocity at 40 mm from the gun exit with arc voltages of (𝑎1) 62, 






In the presence of arc fluctuations, the distribution of particles temperature, velocity and size 
varies from time to time. Therefore in order to determine the actual distribution for each of the 
particle characteristics, the average of the distributions in different time steps is calculated. 
Calculations are done inside a 25 × 25 𝑚𝑚2 window in front of the gas flow at two different 
distances from the gun exit. The number of time steps taken into account is chosen in a way that 
further increasing of time steps would not have a considerable effect on the particle characteristic 
distributions. The calculated distributions of particle temperature, velocity, and size at 40 and 60 
mm from the gun exit are illustrated in Figures 3.13 and 3.14. Figure 3.13 shows that about 40 % 
of the particles at a distance of 40 mm are in the molten state. By increasing the distance from 
the gun exit to 60 mm (Figure 3.14), particle temperature drops and the percent of the melted 
particles decreases to 8%. 
Figures 3.13 and 3.14 also show the particles normal velocity distribution at both distances. It 
is obvious that the particle normal velocity decreases with increasing the distance from the gun 
exit. Decrease in particle velocity could be explained by the decrease in the plasma gas velocity 
along the centerline as distance increases. Furthermore, particles size distributions are 
represented in Figures 3.13 and 3.14. By comparing the size distributions, it can be seen that at 
the distance of 60 mm particles have slightly smaller diameters. It can be concluded that locating 

























3.2.1 Effect of Changing Suspension Feed Rate 
In this section, the effect of changing the suspension mass flow rate on the particle trajectories 
and properties is investigated. Figure 3.15 shows the interaction between the plasma jet and 
suspension at different mass flow rates of (a) 22, (b) 32, and (c) 42 g/min. To show the plasma 
gas flow, a temperature isosurface equal to 10400 K is used. Figures 3.16 and 3.17 show the 
particles and plasma gas temperature and velocity, respectively at 40 mm from the gun exit. It is 
observed that in cases (b) and (c) comparing to case (a), smaller particles are obtained. The 
smaller particles are a consequence of a more efficient droplet fragmentation. Another important 
conclusion is that the number of cold particles is significantly decreased by increasing the 
suspension mass flow rate. 
Figures 3.18, 3.19, and 3.20 represent the sprayed particle temperature, velocity, and diameter 
distributions, respectively. The values in these figures are calculated from averaging the particles 
properties in different moments inside a 25 × 25 𝑚𝑚2 window in front of the gas flow at a 
distance of 40 mm from the gun exit. It can be observed that in case (b), since the injected 
particles are closer to the centerline, they gain higher velocities compared to the two other cases. 
Moreover, the length of the plasma gas decreases by increasing the suspension feed rate. In other 
words, the plasma jet is cooled down more in case (c) compared to cases (a) and (b). 
Comparing different suspension mass flow rates in Figures 3.18, 3.19, and 3.20 shows that the 
quantity of particles with higher temperature and higher velocity is more in case (b). In addition, 
increasing the sprayed particles mass flow rate as noted before results in smaller particle size 
which can be seen in Figure 3.20. The main reason is that larger instabilities on the droplet 
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Figure 3.16- Plasma gas and sprayed particles temperatures with suspension feed rates of (a) 22, (b) 32, and (c) 
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Figure 3.17- Plasma gas and sprayed particles velocities with suspension feed rates of (a) 22, (b) 32, and (c) 42 









Figure 3.18- Particles temperature located at a distance of 40 mm from the gun exit with feed rates of (a) 22, (b) 









Figure 3.19- Particles velocity located at a distance of 40 mm from the gun exit with feed rates of (a) 22, (b) 32, 









Figure 3.20- Particles diameter located at a distance of 40 mm from the gun exit with feed rates of (a) 22, (b) 32, 







As explained above, in the result of arc fluctuations, the in-flight particle trajectory, 
temperature, velocity, and size vary with time. Figure 3.21 illustrates the ranges of trajectories 
obtained with different mass flow rates. Minimum and maximum trajectory lines shown in 
Figure 3.21, are calculated from the windward trajectory at different moments. It is shown that 
for high mass flow rates, the suspension sometimes cross the gas flow, and cool it down 
dramatically. In other words, by increasing the suspension mass flow rate, the average 
penetration height increases. 
 
Figure 3.21- Windward trajectory of injected particles with mass flow rates of 22, 32, and 42 g/min 
 
3.2.2 Effect of Eliminating Voltage Fluctuations 
In this section, the injection of suspension droplets in the quasi-steady plasma (no voltage 
fluctuations) is investigated and compared to the results of the transient plasma flow. Here, to 
generate the plasma heat, a constant volumetric heat source is added to the energy equation. 
Particles trajectory domain for the new case without voltage fluctuations is shown and compared 
to the case with arc voltage fluctuations in Figure 3.22. It is evident that in the presence of 
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voltage fluctuations, the range of trajectories is wider and the penetration is deeper in the plasma 
jet as in compared to the case with the constant mean voltage. 
 
Figure 3.22- Windward trajectory of injected particles in two cases of swirl without voltage fluctuations and 
swirl with voltage fluctuations (suspension mass flow rate is 22 g/min) 
 
Particle temperature, velocity, and size distributions calculated inside a 25 × 25 𝑚𝑚2 
window across the gas flow at a distance of 40 mm from the gun exit with and without voltage 
fluctuations are shown in Figure 3.23, 3.24, and 3.25, respectively. In the case of suspension 
mass flow rate of 22 g/min, the particles have lower temperature and velocity compared to the 
case with the arc voltage fluctuations and it is the result of weaker penetration. 
Furthermore, it could be concluded that in the case of having a constant voltage, the injected 
particles do not have the chance to penetrate into the centerline of the plasma plume contrary to 




Figure 3.23- Particles temperature located at a distance of 40 mm from the gun exit (a) swirl with voltage 










Figure 3.24- Particles velocity located at a distance of 40 mm from the gun exit (a) swirl with voltage 











Figure 3.25- Particles diameter located at a distance of 40 mm from the gun exit (a) swirl with voltage 
fluctuations, (b) swirl without voltage fluctuations 
 
In addition, since the suspension penetration in the case of the quasi-steady plasma jet has less 
oscillation than that of transient plasma jet, it can be concluded that the particle trajectory, 
velocity and temperature are more controllable in the quasi-steady case. It is worth mentioning 
that in the quasi-steady jet by increasing the suspension mass flow rate, the suspension 
penetration increases and the particles can reach the plasma jet centerline to obtain higher 






4 Conclusion and Future Work 
Overview 
In this chapter, a summary and then the conclusion of this study will be 




















A three-dimensional numerical model of suspension plasma spraying has been developed and 
used to investigate the interaction between the plasma jet and the injected particles. In order to 
model the plasma heat generation, a time-dependent heat source is introduced inside the plasma 
torch. In the next step, to simulate the discrete phase a two-way coupled Eulerian-Lagrangian 
approach is used and the results obtained from the oscillating plasma flow are used to initialize 
the model. 
To model the turbulent flow, Reynolds Stress Model (RSM) which solves the Reynolds shear 
stresses is applied as the turbulence model. In addition, to model the discrete phase, discrete 
phase model is used in which the interaction between the plasma gas and in-flight particles is 
considered. In this way, injected particles are tracked and can exchange their mass, momentum, 
and energy with the plasma gases. Droplet transport into the plasma gas flow is a very complex 
phenomenon that comprises droplet penetration, fragmentation, and evaporation. Since the 
breakup mode here is catastrophic breakup, the KHRT (Kelvin-Helmholtz and Rayleigh-Taylor) 
model is applied to model the droplet fragmentation. The primary atomization is not considered 
in this study. 
The aim of this research was to develop a more accurate plasma jet model that takes into 
consideration the arc fluctuations, which are azimuthal fluctuations and axial fluctuations and 
then investigating the effect of oscillating plasma jet on the injected particle properties. 
Moreover, the effect of increasing suspension mass flow rate on the in-flight particles 
characteristics was investigated. It is observed that by increasing the suspension feed rate, due to 




Finally, to see the effect of arc voltage fluctuations on the sprayed particle properties, a case 
with constant voltage called quasi-steady is compared with the case studied in this research. It is 
found that particle temperature and velocity are lower comparing to the case with voltage 
fluctuations. 
The SPS process is a very complex phenomenon and in order to better understand and model 
this phenomenon, there are many works that can be done in the future which some of them are 
listed below, 
- Joule effect method used in this study which is one approach to simulate the oscillating 
plasma jet and its interaction with the sprayed particles has successfully captured the 
particle properties. However, it would be a good idea to use other approaches and see the 
differences to have a more accurate plasma jet model. 
- LTE assumption is used in this study. However, Non Local Thermodynamic Equilibrium 
(NLTE) could be considered to model the plasma gas. 
- The only fragmentation considered in this study is the secondary breakup. It is better to find 
a way to apply the primary atomization as well. 
- Since there are many factors that affect the sprayed particles such as injected particles 
diameter, angle of injector, anode erosion, etc. It will give a better understanding if these 
factors are also examined in the future models. 
- Using RSM turbulent model has given reasonable results. However, it is better to test other 
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